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Executive Summary
The AER two-dimensional chemistry-transport model is used to study the
effect on stratospheric ozone (03) from operation of supersonic and subsonic
aircraft in the 2010 atmosphere. Our results show that :
the calculated Os response is smaller in the 2010 atmosphere compared to
previous calculations performed in the 1980 atmosphere
with the emissions provided to us, the calculated decrease in 03 column
is less than I_
the effect of model grid resolution on 03 response is small provided that
the physics is not modified.
I. Introduction and Summary
This is a continuation of our previous assessment study of the impact of
emissions from High SpeedCivil Transport (HSCT)aircraft on ozone (03). In
our previous report, Ko et al (1989), we noted that the 03 response is
dominated by the port|on of emitted nitrogen compoundsthat is entrained in
the stratosphere and that the entrainment is a sensitive function of the
altitude at which the material is injected. In addition, the 03 removal
efficiency of the emitted material depends on the concentrations of other
trace gases in the background atmosphere. Consequently, evaluation of the
impact of fleet operations in the future atmosphere must take into account the
expected changes in trace gas concentrations from other activities.
Since the initiation of the work in the fall of 1987, we have been using
the sameversion of the AER2-D model for all of our assessment studies for
reasons of continuity to facilitate direct comparison with previous results.
In the interim, a number of improvementshave been madeto the AER2-D
model. This updated version of the model is used in the present study. The
refinements include incorporation of bromine chemistry, refinement of the
chlorine chemistry to include species such as C_202and OC_O,parameterlzation
of heterogeneous reactions and reassessment of the treatment of multiple
scattering. For the purpose of the HSCTstudy, we also developed the coding
to simulate the chemistry initiated by oxidation of C2Hethat leads to the
formation of peroxyacetyl nitrate (PAN, CH3COsNO_).Weconsider this to be a
first step in assessing the importance of longer chain hydrocarbons in the
engine emissions. Other hydrocarbons can be treated in a similar mannerusing
standard approaches in molecular-lumping technique (Lurmannet al, 1986) or
structural-lumping technique (Gery et al, 1989).
Weperformed calculations on four (4) additional scenarios that were
provided to us. These represent operation of a subsonic fleet and a
supersonic fleet at Mach 2.4. The emissions differ from previous scenarios in
the altitude distribution of the emitted materials and in the amount of
nitrogen oxides emitted, reflecting changes in emission index. The
calculations were performed relative to the 2010 background atmosphere. The
calculated change in column abundanceof 03 in the case with the highest
emission altitude was less than a 1%decrease in the northern polar region,
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and about a 0.2_ decrease in the southern polar region. The calculated 03
column increase around 30°N is 0.44. In another case, there is a small
calculated increase for all latitudes and seasons.
With the calculated change in Os so small, the compensating effects from
the 03 increase in the troposphere due to operation of the subsonic fleet
becomes more of an issue. We performed several simulations to separate the
effects of the subsonic fleet and supersonic fleet by ascribing the effects
from emissions below 40,000 ft to the subsonic fleet. Our calculations showed
that emissions above 60,000 ft would decrease 03 by about 0.i_ at the tropics
and up to 0.64 in the northern polar region. However, for emission between
40,000 ft and 55,000 ft, there is actually a calculated increase. The results
point again to the importance of having a realistic treatment for the exchange
process between the troposphere and stratosphere.
We performed some analyses as a first step in assessing the impact of the
vertical resolution of the model grid on the model calculated 03 results. A
high-resolutlon (MR) version of the AER 2-D model was developed to solve for
NOY concentrations and to assess the impact of emissions on the NOY
concentration. The vertical resolution in the HR model is about 1.2 km
compared to the 3.6 km spacing in the old model. We found that, with the type
of emissions we are using, the coarse-resolution model underestimates the
amount of NOY added to the stratosphere by up to 104 in the mid-stratosphere.
In the region along the flight corridor, the calculated differences vary
between 10-304. We estimated the effect on the calculated 03 to be small. It
should be noted that the transport circulation for the fIR model is obtained by
interpolating the stream function from the old model. Thus there is no change
in physics. The conclusion may not hold if we introduce new physics to
describe the exchange process.
In section II, we will discuss the model enhancement and show how the
results have changed compared to a case in the previous report. The response
in the 2010 atmosphere will also be discussed and compared to the old results
using a 1980 atmosphere. The results for the new emissions are presented in
section III. The results from the high-resolution model are presented in
section IV.
II. Model Enhancements
Wehave used the sameversion of the AER2-D chemlstry-transport model
for the past 18 months since the HSCTstudy was initiated in the fall of
1987. In the meantime, a number of refinements have been made to the AER
model through our on-going modeling efforts. These include adjustment of the
water vapor concentration to account for in situ production from methane
oxidation, and refinement OF £rop0spheric washout for NOY and of the multiple
scattering algorithm. The water vapor adjustment allows for an increase in
the stratospheric concentration of H20 due to oxidation of CH4 (see e.g. Jones
et al, 1986). Thus the projected increase in CH4 in the year 2010 will also
result in an increase in stratospheric H20.
A number of new species have been added to the chemical scheme. These
include the hydrocarbon C_He along with full ethane chemistry leading to
formation of PAN (see section C for discussion). The chemical scheme also
includes bromine chemistry with C}|3Br and two industrial halons, H-1211
(CBrC_F2) and H-1301 (CBrF3), as the source gases. The chlorine chemistry
scheme has been refined to include species such as C_202 and OC_O. The
species F-22 (CHC_F2) is added as a surrogate for the hydrogenated
flurochlorocarbons. A simple parameterlzation for heterogeneous reactions is
added to the scheme. However, none of the reactions are "turned on" for the
present study.
A. Comparisons with Previous Results
The change In column 03 due to HSCT emissions from scenario B7 calculated
using the new version of the model will be presented to allow for comparison
of previously modeledscenarlos with the additional scenarios presented
here. Th_ ozone change due to B7 emissions from our previous report (Ko et
al, 1989) is reproduced here as Figure l(a) which shows the impact of aircraft
emissions within the 1980 background atmosphere. When this scenario is
reproduced with the updated version of the AER model, there is a 0.25% offset
in the calculated Oa column percent difference (i.e., the magnitude of the
decrease was reduced by 0.25%). As shown in Figure l(b) the equatorial ozone
column showed no change due to B7 emissions, the high latitude northern
hemisphere ozone column decreased by 1-2%, and the southern hemisphere ozone
column decreased by 0.25-0.75%.
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B. Results in 2010 Atmosphere Versus 1980 Atmosphere
The ozone response to aircraft emission scenarios Bll through B14 will be
presented in the context of the 2010 background atmosphere, since }ISCT
aircraft could come into commercial operation in approximately 20 years. The
2010 atmosphere differs from the 1980 atmosphere used in our previous report
in the concentrations of N20, CH4, and total odd chlorine. See table I for a
llst of boundary conditions used in the 1980 and 2010 background
atmospheres. The N20 concentration increased by 9%, the CH4 by 23%, and the
total odd chlorine increased from 2.57 ppb to 4.70 ppb, or 83%. Calculated
total ozone column amounts are 2-5% lower in the 2010 background atmosphere
than in the 1980 atmosphere.
The ozone column as a function of latitude and season calculated by the
model for the 2010 baseline atmosphere is shown in figure 2. Latitude by
height cross-sections of ozone mixing ratio for January, April, July and
October are shown in figure 3. Concentrations of total odd nitrogen (NOY) are
shown in figure 4. Figures 5 and 6 show concentrations of CO and CII4,
respectively. Figure 7 shows the water vapor concentration, which does not
vary by season. Figures 8 and 9 show concentrations of C2H6 and PAN, species
not included in previous model calculations of HSCT impacts, but which may be
important.
In the previous study of the impact of HSCT emissions on ozone (Ko et al,
1989), we found that increasing N20 makes the ozone more sensitive to HSCT
emissions so that the calculated 03 decrease is larger.. Increasing CH4
decreases the sensitivity of ozone to HSCT emissions. Increasing total odd
chlorine also decreases the sensitivity. Based on the relative changes in
N20, CH4, and odd chlorine, we would expect HSCT emissions to cause less ozone
depletion in 2010 than in 1980. Figure I0 shows the impact of B7 emissions on
ozone column within the 2010 background atmosphere. Note that B7 HSCT
emissions produce an 03 increase from 30°S to 40°N within the 2010
atmosphere. Maximum depletion of 1.2% occurred at the north pole in spring.
C. PAN Chemistry
The species CH3CO3NO2 (PAN) is one of the products of the oxidation of
ethane (C2H6) and other non-methane hydrocarbons. The oxidation chain is
started by the reaction:
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C_H8 + OH. -_ C2Hs + H20 (i)
followed by rapid formation of C2Hs02 through the reaction
C2Hs + O_ (+M) C2Hs02 (÷M). (2)
Further oxidation of C2Hs02 results in formation of acetaldehyde (CH3CHO)
through the reaction
C2Hs02 + NO _ CH3CHO + NO2 + H02 (3)
and through the chain of reactions
C2Hs02 + H02 _ C2HsOOH + 02, (4)
C2HsOOH + hu (+02) CH3CHO + H02 + OH. (5)
Oxidation of acetaldehyde in turn leads to production of CH3C03 through
CHsCHO + OH (+02) _ CH3C03 + H=O. (6)
Peroxyacetyl nitrate is then formed by the reaction
CHsCO3 + NO2 (+ M) _ CHsCOsNO= (PAN) (7)
and removed by thermal decomposition
CH3CO3NO2 + M _ CH3CO3 + NO2 (8)
and photolysls
CH3COsN02 + hw _ products. (9)
We have modified our photochemical module in the 2-D model to include the
reactions important in the formation and removal of PAN. In particular, we
have also included in our photochemical modu]e a complete scheme for ethane
m
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oxidation. This schemeis similar to the one described by Kasting and Singh
(1986)o Kinetic data has been taken from the latest review by Atkinson et el.
(1989). Unknownrates for reactions in the oxidation chain of ethane have
been assumedthe sameas the rates of similar reactions in the oxidation chain
of methane. Wehave included PANas an additional species in the NOYfamily.
Reported rates for the thermal decomposition of PANare very sensitive to
temperature. As the tropospheric temperature decreases with altitude, the
thermal decomposition rate decreases dramatically. Removal time constants by
?
both photolysis and thermal decomposition are of order i0 seconds above 5
km. As a result, the calculated concentration of PAN increases with altitude
in the troposphere, and becomes an important NOY species in the upper
troposphere and lower stratosphere with the PAN abundances comparable to those
of NO2.
There are still considerable uncertainties in the present kinetic data
for reactions in the oxidation chain of ethane and for the formation and
decomposition of PAN. In particular, we note the following uncertainties:
The formation rate of PAN (reaction 8) has been measured at both low
pressures (76-612 Torr) and at high pressures (i atm; see review by
Atklnson et al., 1989). However, all these measurements have been
carried out at room temperature (298°K). The pressure dependence has
been obtained by adopting the standard Troe formula for three-body
reactions. Since the temperature in the region where PAN is important
(5-10 km) ranges from about 240 to 220°K, it is imperative to obtain
k_,otic data at these temperatures. Civen the behavior of other three-
body reactions, we expect the formation rate to increase with decreasing
temperature. It is also important to conduct further studies of the
pressure dependence of this rate.
The temperature dependence for the thermal decomposition rate has been
determined from data in a temperature range of approximately 295 - 320°K
(Atkinson et al., 1989). Thermal decomposition rates are extremely
sensitive to temperature, and we may expect large uncertainties because
the recommended values are used at temperatures typical of the upper
troposphere lower stratosphere. Further measurements are needed for
temperatures and pressures appropriate to these regions.
i$
Given the considerable uncertainties in the present kinetic data, it is
conceivable that PAN could be a major NOY species also in the stratosphere.
Developments in the study of these reactions should be included in future
detailed assessments of the possible impact of PAN in the chemistry of HSCT
exhaust gases.
T
We performed a calculation to determine the effect of treating the
hydrocarbon emissions in scenario B7 as emissions of C2He rather than CH4.
Because C2He contains two carbon atoms, the number of molecules per second
emitted as C2H6 was half of the CH4 emissions. Increasing the C_He through
HSCT emissions increased PAN concentrations only in localized areas" at 20 km
and 30°N to 70°N and during summer and fall at 50°N and 6 km. Only the low
altitude PAN increase in summer and fall had an impact on O3, and because of
its low altitude, made a negligible difference in ozone column.
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III. Results for Scenarios BII-BI4
A. Emissions
The emission scenarios presented here, designated BII, BI2, BI3, and BI4
were provided by the Boeing Corporation and are similar in emission altitudes
to scenario B7 in our previous report. They include emissions of nitrogen
oxides (NOx), carbon monoxide (CO), hydrocarbons, sulfur dioxide (SO2), carbon
dioxide (CO2), and water vapor from both subsonic and supersonic aircraft
fleets. As in our previous report, we did not include SO2 and CO2 emissions in
the model calculations. Water vapor concentrations were increased based on
water vapor emissions and the change in the model's C|14 concentration, but
were not transported within the model. Nitrogen oxide emissions were input to
the model as NOY, or total odd nitrogen.
Emissions were provided at three height levels, 26000 ft, 37000 ft, and
an additional level which varied from 50000 ft to 65000 ft. Table 2 shows the
emissions of NOY, CO, CH4, and H20 at each height level for scenarios B7, BII,
BI2, BI3, and BI4. Emissions at the lower two levels are similar to those
levels in scenario B7, but the upper level NOY emissions are 1/2 to 2/3 of the
B7 emissions at the upper level, reflecting a different emission index (El).
Scenarios BII-BI4 all represent HSCT aircraft using the same engine but with
different cruise altitudes. Notice that the scenarios which have a higher
cruise altitude for the HSCT aircraft have somewhat lower emissions.
The latitudinal distribution of emissions for the 4 scenarios is shown in
figures 11-14 for NOY, CO, CH4, and H20, as interpolated onto the AER model's
latitude grid. Ninety percent of the NOY emissions occur in the northern
hemisphere, and 60_ of the emissions occur between 30°N and 60°N for the
highest emission altitude of each scenario. This means that the majority of
the ozone impact occurring in the southern hemisphere is due to inter-
hemispheric transport from the northern mid-latitudes.
In our previous report, we concluded that the ozone response was
proportional to the amount of NOY entrained in the stratosphere, which is very
sensitive to the altitude of injection of emissions. Scenarios BII-BI4 differ
in their altitudes of stratospheric emission as well as the magnitude of
emissions. The AER 2D chemical-transport model has a vertical resolution of
3.6 km. Using this model, the emissions from scenarios BII and BI4 are put
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into the samemodel grid levels. The sameholds true for BI2 and BI3.
Because the NOYemissions for scenarios BII and BI4 are at the samemodel grid
levels and differ in magnitude by only 3%, model results from these two
scenarios are almost identical. By modeling the NOYemissions from these two
scenarios within a high-resolution model, we conclude that our chemistry-
transport model represents the emissions of BI4 better than BII. Therefore we
will show results from scenario BI4 here, but will present results from both
scenarios BII and BI4 in Section IV.
Scenario BI3 has 16%greater NOYemissions between 50000 and 55000 ft
than does BI2. However, the emissions for BI2 are put into a higher
altitude. Whenmodeled within the AERchemistry-transport model where the
emission are put into the samemodel grid level, scenario BI3 had the greater
NOYentrainment. However, the opposite could be the case if the difference in
emission altitudes were resolved. In this section, we will present results
only from scenario BI2, which produced NOY results that more closely match the
results from the high-resolution model. Results from the high-resolution
model for both scenarios BI2 and BI3 will be shown in Section IV.
B: 03 Response to Engine Emissions
The response of ozone to emission of NOY, CO, CH4, and H20 from aircraft
englnes will be presented in the context of the projected background
atmosphere in the year 2010. As we found in our previous report, we again
expect the majority of the ozone impact to be due to the NOY emissions.
Scenario BI4 had emissions at 26000 ft, 37000 ft, and 65000 ft,
corresponding to model altitude levels 3 (8-12 km), 4 (12-14 km), and 6 (18-22
km). The change in NOY concentration in ppb produced by this scenario is
shown in figure 15. The NOY increase is as much as 0.3 ppb in the southern
hemisphere and up to 0.5 ppb at the equator. Because emissions occur at a
height well within the stratosphere, there is efficient global dispersal. The
maximum local change, occurring at 12-14 km and 40-60°N, is 2-3 ppb.
The change in CO concentration due to emissions from scenario BI4 is
shown in figure 16. CO increased only between i0 and 20 km, the region in
which emissions occurred. In other regions of the model atmosphere, it was
more strongly influenced by changes in OH due to water vapor emissions. CH4
also responded to the change in OH and decreased everywhere throughout the
=
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model atmosphere within scenario BI4. Figure 17 shows the CH4, which
decreased by as muchas 12 ppb in the middle stratosphere. The change _n If20
vapor concentration is shown in Figure 18. H20 increased by 0.3-0.4 ppm
throughout most of the stratosphere, producing an OH increase of 2-49.
The change in 03 mixing ratio as a percentage of the 2010 baseline for
scenario BI4 is shown in figure 19. Compared to tile B7 03 impact from our
previous report, the area of Oz increased is enlarged, with 03 increases up to
15 km in both hemispheres. This is substantially due to the difference in
multiple scattering treatment in the lower atmosphere. Ozone increases of
8-129 are found in the northern hemisphere at 8-I0 km. Ozone decreased by 1-
29 over most of the middle stratosphere. The influence of transport is seen
in the fact that ozone decreases of 2-4R are seen only in spring at 15 km near
the north pole. The circulation is downward at northern high latitudes in
winter and spring, tending to concentrate the emitted odd nitrogen and
increase its impact on ozone.
The percent change in ozone column from the baseline atmosphere due to
emissions of NOY, CO, CH4, and H20 for scenario BI4 is shown in figure 20. The
ozone column has increased year-round at equatorial latitudes and at northern
latitudes in late summer and fall. Ozone increased by 0.4 to 0.6_ at 30°N.
This latitude corresponds to the boundary between the high equatorial
tropop_,tse and the lower mid-latltude tropopause assumed in the model.
Emissions in this region were large enough to increase tropospheric ozone by
4-8_. The northern hemisphere ozone column decrease, with maximum value of
0.8_, is centered at the north pole in April, where the ozone column maximum
is also located. Southern hemisphere ozone decreased by 0.I to 0.3_.
The change in NOY from the baseline in ppbv for scenario BI2 is shown in
figure 21. The maximum change is 2 ppbv. The global change is less than 0.i
ppbv above 40 km. With emissions at a height of 55000 ft in scenario BI2,
there is substantially less NOY entrained in the stratosphere than with
scenario BI4 which has emissions at 65000 ft. The changes in CO, CH4, and H20
for scenario BI2 are shown in figures 22, 23, and 24, respectively. Because of
the height of emissions, very little H_O vapor from the aircraft engines was
entrained in the stratosphere, and therefore CO and CH4 show a much smaller OH
effect, ie. less of a decrease. CH4 shows an increase in concentration from
I0 to 20 km.
Ii
The change in local ozone mixing ratio, as a percentage of the baseline,
is shown in figure 25. Due to the altitude of emissions, there is very little
ozone depletion except in spring near the north pole. The ozone column
change, shown in figure 26, is positive everywhere except near the north pole
in spring. There was an increase in column 03 of up to 1% at 40°N.
C. Impact of Supersonic Versus Subsonic Emissions
In order to separate the effects of the stratospheric emissions at 65000
ft which are due entirely to HSCT aircraft and emissions below 40000 ft which
are due substantially to fleets of subsonic aircraft, we have repeated the
model calculations using BI4 emissions at 65000 ft only and BI4 emissions at
the two lower levels, 26000 ft and 37000 ft. The change in 03 column due to
low level emissions for this scenario Is shown in figure 27(a). The ozone
column increased everywhere with a seasonal pattern similar to that of the
full BI4 scenario. Figure 27(b) shows the ozone column change for scenario
BI4 emissions at 65000 ft only. The ozone column decreased from 0.1% to
0.6%. Figure 28 shows the change in ozone column from scenario BI4 with
emissions at all levels as a percentage of the ozone column with scenario BI4
emissions at the lower leveis only. This represents the expected change in
the 2010 atmosphere with HSCT aircraft and subsonic aircraft compared with an
atmosphere with only subsonic aircraft. The ozone column change varies from
-0.1% to -0.8%.
The change in column 03 due to BI2 emissions at the lower two levels only
is shown in figure 29(a). This figure is the same as figure 27(a), since
emissions at the lower two levels were almost identical for all four
scenarios. The O3 column change due to emissions at the 55000 ft level only
is show in figure 29(b). Compared to the baseline atmosphere, these emissions
produced an O3 increase of 0.i-0.3% in the northern hemisphere and had little
impact in the southern hemisphere. Emissions at 55000 ft are efficiently
transported into the troposphere where they enhance 03 concentrations. Figure
30 show the change in 03 column for the case with BI2 emissions at all levels
compared with the low level emissions only, again to represent the impact of
HSCT emissions in an atmosphere with subsonic aircraft. Ozone column changes
are both positive and negative but very small, varying from -0.175 to
+0.05%.
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If a large fleet of HSCTaircraft were to be put into service, we would
expect that these supersonic aircraft flights would replace a portion of the
subsonic flights as people who would travel anywayopt for faster transport.
There may be someincrease in the numberof travelers as quicker trans-Pacific
travel makessuch journeys more attractive. If the major impact on airline
travel proves to be a shift from subsonic to supersonic travel, then the
relative impact of HSCTfswill be somewhatgreater as the low level emissions
which produce 03 will be reduced.
In our previous report, we concluded that emissions below 18 km had only
a small impact on the ozone column. However, the emission scenarios studied
in that report had at least twice the upper level emissions of the scenarios
studied here, and this changes the relative importance of high and low level
emissions. Comparing figure 20 and figure 27(b), we see that emissions at the
65000 ft level only produce an ozone column decrease at all latitudes while
emissions at all three levels produce an ozone column increase from 30°S to
50°N.
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IV. High Resolution Model Results
A. Model Description and Analysis
A high-resolution version of the AER two-dimensional m0del with
simplified chemistry was developed to study the effects on stratospheric NOY
from high speed civil transport aircraft (HSCT) operation. The use of the
model with finer vertical resolution is necessary for investigating the
sensitivity of the amount of NOY retained in the stratosphere to emission
altitude, height of tropopause and exchange between the troposphere and
stratosphere. The higher resolution is necessary to resolve the difference
between scenarios BII and BI4 and between scenarios BI2 and BI3.
The vertical resolution of the model was increased by a factor of three,
i.e. every horizontal layer in the original grid was equally divided into 3
layers in Z coordinates, where
P (10)
Z - H log (_)
The horizontal resolution was unchanged. The seasonally-varying temperature,
pressure, streamfunction, and eddy diffusion coefficients were interpolated to
the new grid. There was no attempt to Improve the model physics to better
represent physical processes within the finer resolution model.
This model was used to solve for NOY only, using seasonally-varying
production and loss rates from a previous run of the chemlcal-transport model
which was interpolated onto the fine-resolutlon grid. The NOY concentration
responds only to transport, to the input production and loss rates, and to
HSCT emissions. Because NOY chemistry involves only production through the
!
reaction N20 + O(D), washout in the troposphere, and quadratic loss at high
altitude, its response to HSCT emissions should be Independent of other
species to first order. And because ozone change due to HSCT emissions is
roughly proportional to the increase in NOY, we can use these results to
estimate the impact of emissions on ozone.
Two kinds of emission scenarios were examined in this study: scenario B8
from our previous study and scenarios BII, BI2, BI3, BI4, which had emissions
at 3 discrete altitude levels, and scenario A4 from our previous study which
had emissions that were continuous with altitude up to 24 km. Scenario A4 was
previously provided by the McDonnell-Douglas Corporation. See table 3 for NOY
emissions associated with scenarios B8 and A4.
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i. Impact of model resolution
In order to compare results from the fine-resolution model and the
coarse-resolutlon model, scenario B8 was run with the fine resolution-model
and also with a coarse-resolutlon version of the samemodel. In order to
compare results, the fine-resolution results were degraded into the coarse-
resolution grid using a schemewhich preserves masswithin grid boxes. Figure
31 shows the difference between the fine- and coarse-resolutlon models in
percent for the clean atmosphere without HSCTemissions. The flne-resolution
model shows larger mixing ratios by 0-2% over most of the stratosphere, with
larger increases of up to 30%in the mid and high latitude lower strato-
sphere. In the tropical troposphere, the fine-resolution model shows smaller
mixing ratios by 5-30%. Figure 32 shows differences in NOYcolumn abundance
as a function of latitude and season for the sameclean atmosphere case.
Differences between fine- and coarse-resolutlon models are -3%at the equator,
5%at northern hlgh latltudes, and 4-7% at southern high latitudes.
For the HSCTstudy, the quantity of interest is the difference between
NOYconcenerations with and without emissions. Figure 33 shows the difference
in percent between the high-resolution change in NOYand the coarse-resolution
change in NOYwith and without emissions. The plotted quantity is:
( [B8 - base]HR - [B8-base]LR ) / [B8-base]H R x i00 (Ii)
where [B8-base] represents the calculated change in NOY due to the engine
emissions and the subscripts }|R and LR denote quantities calculated using the
high-resolution and coarse-resolutlon models, respectively. The coarse-
resolution model underestimates the entrained NOY by about 10% in a broad
region of the stratosphere above 30km. The amount entrained below 30 km is
underestimated by as much as 30% except for two narrow bands between 15-20 km
and i0-15 km when the value is less than 10%. There are small areas of
negative values in figures 33 corresponding to overestimation by the coarse-
resolution model. These are found around the tropopause, at regions when
there are large injections and near the winter pole in the upper strato-
sphere. It is likely that these are due to the numerical noise in the model
treatments. Column differences with B8 emissions versus no emissions, shown
in figure 34, are calculated in a similar manner as defined in (Ii). The
figure shows that the coarse-resolution model underestimates the NOY
entrainment by about 0-6%.
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2. Sensitivity to tropopause height and injection altitude
Weran 3 test cases for the A4 scenario, in which the tropopause was
moved up i and 2 layers and down 1 layer respectively within the fine-
resolution model. It is clear from figure 35 that the response of the change
of NOY column abundance to the change of tropopause is almost linear because
of the continuity of the sources in the A4 scenario.
To study the sensitivity of the NOY increase to the emission altitude
within the flne-resolution model, we used the B8 scenario with the top level
of emissions only. This source, which was normally put into the 17th altitude
level, was put into 4 successively lower levels (levels 16-13). From figure
36, a sudden decrease in the column abundance can be seen when the source was
moved from the 15th to the 14th layer, where the tropical tropopause is
located.
The model results for NOY-increase are very sensitive to the position of
the tropopause and emission altitude, especially for scenarios with
d%scontinuous emission altitudes. If more accurate results are desired, there
is a need to adjust the tropopause and input data to find a better calibrated
fine-resolution model. This could be achieved by performing model simulations
and using nuclear debris data for validation (see e.g. Shia et al, 1989).
B. NOY Results for Scenarios BII-BI4
NOY results from the fino resolution model for scenarios BI4, BII, BI2,
and BI3 are shown in figures 37-40, respectively. The NOY change for scenario
BI4 with the fine resolution model is very similar to that obtained with the
coarse-resolutlon chemlstry-transport model (comparing figure 15 with figure
37) at high altitudes and in the southern hemisphere, which indicates similar
stratospheric entrainment and transport. Comparing the fine-resolution model
results for BI2, shown in figure 39, with figure 21 shows that the fine-
resolution model retained more NOY from a source at 55000 ft than did the
chemistry-transport model.
There is very little difference between the results from BI4 and BII
(figures 37 and 38), which differ only by 5000 ft in emission altitude at the
top level. This indicates little difference in stratospheric entrainment
between emissions at 65000 ft and emissions at 60000 ft since both are well
16
above the tropopause. Uowever, when the height of emissions drops from 60000
ft to 55000 ft (compare figures 38 and 39, scenarios BII and BI2), then the
stratospheric NOYincrease drops from 0.3 ppbv to 0.2 ppbv despite the i0_
increase in emission magnitude at the upper level. And when the emission
altitude drops to 50000 ft (see figure 40,' scenario BI3), the stratospheric
NOYincrease drops to less than 0.i ppbv. Becauseof its higher altitude of
emissions, scenario BI2 shows greater entrainment of NOYin the stratosphere,
even though BI3 has 16_ greater emissions at the 50,000-55,000 ft level.
C. Estimates of Ozone Impacts
By degrading the NOYconcentrations obtained with the hlgh-resolution
model for use in the coarse-resolutlon chemlstry-transport model, we can
obtain estimates for ozone impacts for scenarios BII-BI4. Wedo this by
reading the seasonally-varying NOYconcentration into the model rather
calculating it. With this modeof operation, NOYimpacts 03 and other species
within the model but does not respond to changes in 03, i.e. there is no
chemical feedback between NOYand other species. However, the odd nitrogen
species (NO, NO2, HNO3,PAN, etc.) are partitioned based on model-calculated
!Os, OH, O(D), and other species.
Scenarios BI4 and BII would yield almost identical 03 changes, since
their NOYresponses are very similar. Scenarios BI2 and BI3 have emissions
near the tropopause, in the region which is sensitive to stratospheric
entrainment. Figures 41(a) and 42(b) show calculated ozone impacts from
scenarios BI2 and BI3, respectively, using high-resolution NOYwithin the
coarse-resolution model. The difference in calculated 03 impact between
scenarios BI2 and BI3 is small.
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Table I. Comparison of boundary conditions between this work and results in
Ko et al (1989)
specie Ko et al (1989)
(1980 atmosphere)
This work
(2010 atmosphere)
N20 300 ppb 325.7 ppb
CH4 1.6 ppm 1.975 ppm
C2He * 1.8 ppb
CO I00 ppb 100 ppb
CHsC_ 700 ppt 700 ppt
CC24 i00 ppt 125 ppt
CFC2s (F-II) 170 ppt 368 ppt
CF2C_ (F-IP) 2_5 ppt 671 ppt
CH3CC_3 i00 ppt 230 ppt
CHC_F2 (F-22) * 419 ppt
C_C_3Fs (F-II3) * 98.7 ppt
CBrC_F2 (H-1211) * 1.71 ppt
CBrF3 (H-1301) * 6.6 ppt
CH3Br * I0 ppt
*Specie not included in the Ko et al (1989) model calculations.
19
Table 2. Emissions for Scenarios B7, BII, BI2, BI3, BI4
NOYEMISSIONS(molecules/sec)
ft B7 BII BI2 BI3 BI4
26000
37000
50000
55000
60000
65000
1.36xi026 1.36xi026 1.36xi026 1.36xi026 1.36xi026
l.lOxlO 27 i 12xlO27 1.12xlO27 I 12xlO_ 1.12xlO271 34xi0
1.99xi026 1.05xlO26
1.16x].O 26
1.02xlO 26
CO EMISSIONS (molecules/sec)
ft B7 BII BI2 BI3 BI4
26000 1.29xi025 1.29xlO 25 1.29xi025 1.29xi025 1.29xi025
37000 4.02xi026 1.19xlO 26 1.19xlO 26 1.20xlO 26 1.19xlO 26
50000 1.04xlO 26
55000 9.06xi025
60000 1.35xi026 8.17xlO 25
65000 7.95xi025
CH EMISSIONS (molecules/sec)
4
ft B7 BII BI2 BI3 BI4
4.60x1024 4.60x1024 4.60x1024 4.60x1024 4.60x1024
8.58x1025 4.38xi025 4.40x1025 4.43xi025 4.37x1025
4.56xi025
26000
37000
50000
55000
60000
65000
2.35xi025 3.57xi025
3.95xi025
3.47x]025
}120 EMISSIONS (molecules/sec)
ft B7 BII BI2 BI3 Bi4
26000 2.13xi028 2.13xi028 2.13xi028 2.13xi028 2.13xi028
37000 1.93xi029 1.90xlO 29 1.9]xi029 1.92xi029 1.90xlO 29
50000 l.OOxlO 29
55000 8.68xi028
60000 8.62xi028 7.83xi028
65000 7.62xi028
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Table 3. NOYEmissions for Scenarios
B8 NOYEMISSIONS
ht Emissions
(ft) (molecules/sec)
BS, A4
26,000 1.36XI026
I_ 102737,000 I i_x
58,500 4 05x1026
A4 NOYEMISSIONS
ht Emissions
(km) (molecules/see)
7. lOZ_0-2 l.i_x
2-4 4.19xi024
4-6 4.19xi024
_xl0246-8 4.1_
8-10 4.19xi024
10-12 5.93xi 024
12-14 5.93xi024
14-16 3.33xi024
16-18 2.82xi024
18-20 2 82xi024
20-22 4.63xi025
22-24 1 26xi026
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Figure 17. The calculated change in CH_ in ppbv from the baseline case for
scenario BI4, as a functlon of latitude and altitude, for (a)
January, (b) April, (c) July, and (d) October. Contour levels
are -.5, -i, -2, -4, -6, -8, -i0, -12, ppbv.
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scenario BI4, as a function of latitude and altitude, for (a)
January, (b) April, (c) July, _nd (d) October. Contour levels
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Figure 20. The calculated percent change in total ozone column from the
baseline case for scenario BI4, as a function of latitude and
time of year. Contours are from -0.8 to 0.4 % in 0.2%
increments.
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scenario B12, as a function of latitude and altitude, for (a)
January, (b) April, (c) July, and (d) October. Contour levels
are 0.I, 0.3, 0.5, i, 2, 3 ppbv.
42
CO B12 vs baseline
1
Oo
v
W
D
CO
CO
LIJ
rr
Q_ 100
1000
90S
.1 JAN 31 _1.0E-09 1
60S 30S Eli 30N
LAT[ TUBE
-60
-55
-50
45
40
35
30
25
20
15
10
5
60N qON
lo
100
I1°°%oS
%PR 30 , :_l.OE-09
, , ,,21.@ ..........
6ON3os IE£ 3ON
LATITUDE
- 60
- 55
- 50
-45ZE
_40N_
35 _
30 _
25 1--
20 I--
._I
15 <
10
5
90N
,. UL 31
.!
ZD
or;
O0
W
n'1o _11_
100%0S '609
*I. 0E-09
k
0,@
i l • l - • I ! i i l • i I
309 EQ 30N
LAT [ TUBE
60
55
50
45
40
35
30
25
I2O
15
10
5
60N 90N
.1
1@
I00
1000
90S
OCT 31 _1.0E-09
55
50
7. .
g ,A 0 ) i as_
60S 30S EO 30N 6ON qON
LAT[TUOE
25 I--
H
20 _-
_J
10
Figure 22. The calculated change in CO in ppbv from the baseline case for
scenario BI2, as a functiot, of latitude and altitude, for (a)
January, (b) April, (c) July, and (d) October. Contour levels
are -0.5, O, 0.5, i, 2, 3 ppbv.
43
CH4 812 vs baseline
.1
1
v
W
(_ lg
Or)
LLI
(1 100
1000
90S
JANI,31 ' . , _(1 . 0E-09
• . , i", , • • • •
60
55
5e
.1
45
5_0 4@o
*-_ _--" 30 10
20
5
, ..... a.o, .__ .....
60S 30S E_ 30N 60N 90N
LATITUDE
P,PR 30 .1 .0E-09
i_ _" P 7___ ) I- -_
¢, _ _, _
t
%. J .
...... _-@ ......... --1
00_0sm 60S 30S EQ 3oN 60N
LAT[TUOE
60
55
50
45 3£i
40 v
3s _
30 _
25 _
20 !-
_J
5
90N
1
(33
_--
LM
or" 10
O3
or)
Ld
OF
O_ 100
.! JUL 31 :_1.0E-09
• "11 i • • . • w . . • • . • ' I . !
4C7
" 50e-_-'_T.',
60
55
50
45
40
35
30
25
" O____..______ 20
60S 3_S EQ 30N 60N gON
LA T [ TUOE
OCT 31 _1 .ZE-09
F • • i • • • • • i i • • • • . •
10
i
/ I _----_[ 1 "_"
100 r -- <_-
I %,,._.
LAT[TUOE
i 60
: ss "
50
40 N,"
35 _
30 N
25 I--
20 _-
_.J
10
5
60N 9_JN
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Figure 28. The calculated change in total ozone column for scenario BI&
with emissions at all levels as a percentage of the ozone column
with scenario BI4 emissions below 40000 ft.
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Figure 30. The calculated change tn total ozone column for scenario B12
with emissions at all levels as a percentage of the ozone column
with scenario B14 emissions below 40000 ft.
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Figure 31. The percent difference in NOY mixing ratio for the clean
atmosphere case from high-resolution model versus from coarse-
resolution model for (a) January, (b) April (c) July, (d)
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Figure 32 The percent difference in NOY column abundance for the clean
atmosphere case from the high-resolution model versus from the
coarse-resolutlon models as a function of latitude and time of
year. Contours are -2, -i, 0, 2, 4, 6, 8 _.
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Figure 34. The percent difference in the change in NOY column abundance
with scenario B8 emissions versus baseline for the high-
resolution model versus the coarse-resolution model, as a
function of latitude and time of year. Contours are O, 2, 4, 6,
8 %.
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Figure 35. The percent difference in the NOY column abundance with the
fine-res01uti0n model for scenario A& with (a) tropopause down 1
level, (b) tropopause up 1 level, and (c) tropopause up 2 levels
versus scenario A4 with standard tropopause, as a function of
latitude and time of year.
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Figure 36. The percent difference it1 the NOY column abundance with the
fine-resolution model using the scenario B8 emissions for the
top altitude level only, with emissions (a) down 1 level, (b)
down 2 levels, (c) down 3 levels, and (d) down 4 levels versus
the standard B8 top level emissions.
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2, 3, ppbv.
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Figure 39. The change in NOY in ppbv calculated by the high-resolution
model for scenario BI2 emissions versus the baseline case as a
function of latitude and altitude for (a) January, (b) April,
(c) July, and (d) October. Contour levels are 0.I, 0.2, 0.3,
0.5, ], 2 pphv.
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Figure 40. The change in NOY in ppbv calculated by the high-resolution
model for scenario BI3 emissions versus the baseline case as a
function of latitude and altitude for (a) January, (b) April,
(c) July, and (d) October. Contour levels are 0.I, 0.2, 0.3,
0.5, I ppbv.
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